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ABSTRACT 


This  thesis  designs,  develops  and  tests  a  computer-assisted  system  to  construct  final 
examination  schedules  at  the  Naval  Postgraduate  School.  The  system  is  based  on  a  greedy 
heuristic  that  produces  high  quality  solutions  for  200  examinations  in  a  few  minutes  on  a 
personal  computer.  Comparisons  between  computer  constructed  schedules  and  the  manual 
schedule  for  the  1994  winter  quarter  show  the  manual  schedule's  superiority.  Despite  this 
observation,  the  computer  system's  ability  to  rapidly  produce  feasible  schedules  (approximately 
15  minutes  compared  to  5  days)  makes  it  ideal  to  assist  the  schedulers  and  to  conduct  policy 
studies  One  policy  study  conducted  in  this  thesis  shows  a  reduction  in  classrooms  reserved 
solely  for  final  exams  has  little  impact  on  the  quality  of  the  schedule.  Another  policy  study  shows 
the  difficulty  of  finding  any  schedule  without  some  students  having  back-lo-baek  examinations. 
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EXECUTIVE  SUMMARY 


The  NavaZ.  Postgraduate  School  (HPS)  ,  in  Kor.terey, 
California,  offers  courses  during  four  separate  quarters  each 
year.  Courses  start  and  finish  in  a  period  of  12  v/eeks.  The 
last  week  of  the  ccurse  is  dedicated  to  final  examinations . 

The  schedulers  in  the  Registrar's  Office  are  charged  with 
the  construction  of  a  final  examination  schedule  complying 
with  several  rigid  constraints  and,  if  possible,  maximizing 
several  desirable  features.  Currently  the  final  examination 
schedule  is  constructed  by  the  schedulers  manually  in  an 
intense  process  that  lasts  one  week.  The  sc.nedule  ts 
constructed  using  rules  of  thumb  developed  during  the  last  25 
years.  This  thesis  designs,  develops  and  tests  a  computer- 
assisted  system  to  help  the  schedulers. 

The  prcblem  of  examination  scheduling,  or  examination 
timetabling,  is  common  to  many  educational  institutions  and 
has  been  studied  previously  by  many  authors.  The  solutions 
found  in  the  open  literature  are  designed  for  the  specific 
problems  of  those  institutions.  .'i.  general  definition  of  t.he 
problem  that  cculd  be  adapted  to  the  pecu.iarities  of  the  l\?s 
is  not  available.  .iilthough  the  scheduling  problem  can  be 
.modeled  as  a  mixed  integer  programrr.ing  problem,  solving  the 
problem  optimally  is  commonly  considered  untractable  for  the 


diir.ensioris  found  at  the  NPS .  Therefore  this  thesis  develops 
and  solves  the  probleirs  heuristicaliy , 

There  are  three  main  objectives  fcr  the  system.  First,  to 
shorten  the  time  the  schedulers  dedicate  to  final  examination 
scheduling.  Second,  to  provide  a  method  to  evaluate  the 
quality  of  the  schedules  and  therefore,  improve  them.  Third, 
CO  provide  a  means  to  obtain,  in  a  short  time,  high  quality 
solutions  which  allow  policy  issues  to  be  studied. 

Two  programs  have  been  developed  Co  meet  the  objectives. 
The  first  constructs  examination  schedules  using  a  greedy 
heuristic  algorithm  and  evaluates  the  solutions  obtained.  The 
second  program  calculates  the  same  evaluation  for  schedules 
contained  in  an  external  file  (the  manual  schedule). 

The  heuristic  algorithm  uses  a  set  of  coefficients  to 
evaluate  the  scheduling  ccmplexity  of  every  exam.  Changes  in 
the  values  cf  these  coefficients  modifies  the  scheduling 
complexity  of  every  exair.  and  therefore  the  solution.  The 
system  implemented  includes  five  different  sets  of 
coefficients  to  evaluate  the  complexity.  The  user  can  change 
these  coefficients.  The  MOE's  permit  the  user  to  pick  the  best 
solution.  The  .number  five  has  been  chosen  arbitrarily  based  on 
an  acceptable  time  of  execution,  increased  probability  of 
getting  a  good  solution  and  to  provide  good  solutions  over 
different  quarters. 

The  program  was  executed  using  the  Winter  1994  Quarter 
data  and  the  best  computer  schedule  and  the  manual  schedule 
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ara  compared.  As  expected  the  quality  of  the  automatic 
solution  is  not  as  high  as  that  of  the  manual  solution,  but 
not  so  lev/  as  to  consider  it  invalid.  The  computer  schedule  is 
considered  to  be  of  high  enough  quality  that  the  schedulers 
could  use  it  as  a  starting  point.  In  an  emergency  situation 
the  computer  schedule  could  be  adapted  by  NPS . 

Tia'c  sample  policy  studies  were  conducted  to  demonstrate 
this  use  of  the  computer  system.  The  first  studies  the  impact 
of  a  reduction  in  the  number  of  classrooms  available  for 
examinations.  Far  a  reduction  of  11  classrooms  cf  several 
sices  (ail  first  floor  of  Glasgow  Hall)  a  schedule  is  obtained 
containing  all  courses  and  with  only  a  small  lost  of  quality 
in  the  solution.  The  policy  study  investigated  the  impact  cf 
net  permitting  back-co-back  e.xaminaticns  for  the  students.  The 
system  could  not  find  any  schedule  that  did  not  have  back-to- 
back  examinations  for  at  least  seme  students.  The  best 
schedule  in  this  case  is  unable  to  schedule  six  examinations. 

The  conclusions  obtained  frem  this  study  are  that  it  is 
possible  to  help  the  schedulers  and  probably  to  shorten  the 
time  required  for  final  examinations  scheduling  by  providing 
them  with  a  ccm.puter-assisted  initial  solution.  The  Measures 
cf  Effectiveness  can  be  applied  to  any  solution  by  means  cf 
the  stand-alone  program  and  can  be  used  to  compare  different 
solutions.  Finally  the  quality  of  the  schedules  provided  by 
the  computer-assisted  method  will  support  a  variety  of  policy 
studies . 
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INTRODDCTIOK 


A.  THE  NAVAL  POSTGRADUATE  SCHOOL 

The  Nsva-  Foscgraduace  School  INFS)  a;  Monterey, 
California,  is  an  acadeTiic  institution  dedicated  to 
increasing  the  combat  effectiveness  of  the  United  States  Nat'-/ 
and  Marine  Corps  by  providing  post -baccalaureate  degree  and 
ncndegree  programs  in  a  variety  of  subspecialty  areas  not 
available  through  other  educational  institutions  [Ref.l]. 

There  are  il  Academic  Departments  and  four 
interdisciplinary  academic  Groups  offering  a  total  cf  i- 
programs  to  approximately  ISCO  students.  Most  of  the  students 
pursue  one  of  the  several  Master  degrees,  some  are  pursuing  a 
dual  Master  and  some  others  are  involved  in  a  PhD  program.  The 
duration  cf  the  Master  programs  varies  between  one  and  two  and 
a  half  years.  Host  of  the  curricula  begin  every  six  months. 
This  means  that  in  a  curriculum  such  as  Operations  Analysis, 
which  last  2  years,  at  any  time  there  are  4  sections  of 
students  in  different  stages  of  their  studies. 

The  academic  calendar  at  NFS  is  structured  into  four  three 
month  quarters.  Final  examinations  are  required  for  all 
courses  during  the  final  v,ree)t  of  each  quarter  (Monda-y  through 
Thursday),  The  Registrar's  office  is  charged  with  producing 


a  course  schedule  for  lectures  and  a  final  examination 


schedule  which  takes  into  account  academic  and  student  needs, 

B.  FXNAIi  EXAMINATION  SCHEDULING  AT  NFS 

The  course  schedule  and  the  final  examination  schedule 
must  be  such  chat  every  student  can  take  Che  courses  they 
request .  There  are  a  few  exceptions  Co  this  which  are 
negotiated  on  a  case  by  case  basis  between  the  schedulers  and 
the  pertinent  Curricular  Officer. 

The  problem,  in  its  basic  form,  consists  of  assigning  the 
set  of  examinations  to  a  set  of  available  periods  and 
classrooms,  so  that  no  student  has  more  Chan  one  examination 
in  the  same  period.  This  problem  is  not  difficult  when  all 
students,  in  the  same  stage  of  their  curriculum,  are  enrolled 
in  Che  same  set  of  courses.  However,  as  their  studies 
progress,  NFS  students  have  increasing  opportunities  to  take 
elective  courses  in  their  own  or  in  ocher  academic 
departments . 

The  basic  problem  outlined  above  becomes  even  more  ccmp_ex 
when  some  rigid  constraints  are  added,  such  as  classsroom 
availability,  time  available,  maximum  daily  number  of  exams 
par  student,  and  maxim.um  daily  number  of  exams  per  professor. 
These  are  only  some  constraints  from  a  complete  list  given  in 
Section  II. F,  Other  desirable  characteristics  of  the  schedule 
are  considered  as  additional  lower  priority  constraints  and 
are  listed  in  Section  II. G. 
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Currently  the  final  exarrination  timetable  is  produced 
manually  i"  a  process  that  takas  one  week  and  requires  the 
ocmplete  dedication  of  very  experienced  personnel.  This  manual 
process  produces  only  one  solution  to  the  problem.  The  final 
e.xair.inacion  scheduling  is  one  of  the  final  steps  in  the  cv/o 
month  process  of  course  and  final  examination  scheduling. 

The  scheduling  process  is  structured  in  several  steps. 
First  it  is  necessary'  to  forecast  the  courses  to  be  taught  and 
ccnaequentiy  needs  for  faculty  and  rooms.  This  forecasting 
step  IS  carried  out  up  to  a  year  in  advance  of  the  quarter  of 
interest.  Second,  an  iterative  pre-scheduling  process  is 
carried  out  to  clearly  deteriTiine  which  courses  are  to  be 
offered  in  the  quarter,  what  students  ere  going  to  take  them 
and  -what  faculty  members  are  going  to  teach  them.  This  step  is 
carried  out  at  the  beginning  of  the  quarter  previous  to  chat 
being  scheduled.  With  the  information  from  the  previous  step 
and  a  knowledge  of  available  rooms,  the  next  step  assigns 
periods  and  rooms  for  each  course.  This  process,  which  lasts 
six  or  seven  weeks,  is  carried  cut  by  very  experienced 
personnel  using  manual  methods  and  rules  of  thumb  developed 
during  the  last  twenty  five  years.  Finally,  once  the  class 
schedule  is  dene,  it  is  necessary  to  construct  the  final 
examinations  schedule  to  be  executed  during  the  twelfth  week 
of  the  quarter. 
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C.  GOALS  FOR  THE  RESEARCH 


The  present  manual  scheduling  process  frequently  requires 
the  schedulers  cc  work  overtime,  this  situation  may  worsen  if 
the  number  of  students  in  the  School  increases,  there  are 
fev/er  rooms  available,  or  the  number  of  curricula  increases, 
.^iso  if  one  of  the  schedulers  is  not  available,  the  workload 
fcr  the  others  becomes  insurmountable.  In  this  situation  it  is 
ver-y  difficult  to  Spend  time  investigating  alternatives  not 
aimed  to  solve  the  immediate  problem. 

This  thesis  develops  a  computer-assisted  scheduling 
program  to  produce  final  exam  timetables.  The  goals  of  this 
research  are: 


1.  Shorten  Time 

While  It  IS  possible  to  shorten  the  time  needed  tc 
produce  the  final  examination  schedule,  this  is  only  a  small 
part  of  the  total  time  needed.  This  goal  is  therefore 
cuaiitied  by  the  following  observations; 

»  The  time  taken  currently  by  this  process  is  approximately 
"0  person  days.  Even  when  ti.me  could  be  saved  in  the 
actual  process  of  scheduling  the  final  examinations, 
collateral  work  of  preparing  end  entering  input  data  could 
not  be  reduced  very  much,  .^iny  computer  solution  also 
requires  detailed  inspection. 

♦  The  early  date  in  the  previous  quarter  at  which  no  changes 
in  course  registration  are  permitted,  causes  numerous 
registration  changes  in  the  first  two  weeks  of  ever-y 
quarter.  This  fact  limits  the  value  of  the  solution 
obtained.  If  the  time  to  produce  the  final  examination 
schedule  is  shortened,  more  time  cou.d  be  available  for 
the  students  to  choose  their  next  quarter  courses  and 
hopefully  fewer  changes  in  registration  would  occur  during 


Che  first  twc  weeks  of  a  quarter  and  therefore  the  final 
examinations  schedule  would  be  more  valid. 

Providing  the  students  with  more  time  to  decide  their  next 
quarter  enrollment  has  a  limit  given  by  the  time  necessary 
for  the  Bookstore  to  get  the  books  necessary  for  the  next 
quarter . 

Courses  and  final  examinations  can't  be  schecLu,led 
simultaneously  since  it  is  desired  to  assign  the  final 
examination  fcr  a  course  to  the  same  room  used  for 
lectures,  whenever  possible.  Therefore  final  examination 
scheduling  cannot  be  attempted  until  the  course  schedule 
is  finished. 


2.  Improve  Quality  -  Support  Scheduler 

It  is  doubtful  Chat  any  computer-assisted  schedu.ir.g 
program  can  yield  a  better  schedule  than  those  generated  by 
the  schedulers.  This  is  true  since  it  is  almost  impossible  fcr 
a  program  to  capture  every  single  factor  taken  into  account  by 
two  experienced  schedulers. 

The  computer-assisted  process  developed  in  this  thesis 
can  provide  the  schedulers  with  some  information  which  could 
help  them  in  their  search  fcr  a  solution.  First,  if  the 
computer  can  reach  a  feasible  solution  they  can,  at  least,  get 
the  same  and  hopefully  improve  it.  Second,  the  computer - 
as,sisted  solution  can  provide  the  scheduler  v/ith  data  abcut 
room  utilization,  number  of  course  conflicts,  etc.  Third,  the 
computer-assisted  solution  provides  a  method  for  evaluating 
the  quality  of  different  manual  or  automatic  solutions. 


3 .  Policy  studies 


If  the  computer-assisted  method  provides  reasonably 
acceptable  solutions,  even  when  not  as  good  as  the  solution 
provided  by  the  manual  process,  it  would  be  possible  to 
perform  tests  of  how  the  solution  is  affected  by  several 
policy  variables,  like  time  available,  the  number  of  rooms 
available,  the  number  of  courses  requiring  final  examination, 
etc.  The  provision  of  several  measures  of  effectiveness  would 
permit  these  studies . 

D.  METHOD 

The  steps  performed  in  this  thesis  to  arrive  to  a  soiuticn 
are  the  following; 

•  Clearly  define  the  objective  and  secondary'  goals  of  the 
computer-assisted  solution,  including  the  constraints  of 
the  problem  and  desired  features. 

•  Build  an  electronic  data  base  of  course  calls  and  faculty 

•  Develop  a  data  bass  of  courses,  rooms  and  faculty. 

•  Develop  Measures  of  Effectiveness  (MOE 1 f or  various  aspects 
of  the  schedule. 

•  Develop  a  v/eight -driven  exam  scheduling  heuristic  to 
quickly  produce  schedules  and  evaluate  MOEs . 

•  Perform  studies  of  various  policy  options. 

E.  THESIS  STROCTURE 

This  thesis  is  structured  in  the  following  way': 

•  Chapter  I  presents  an  introduction  to  the  problem  cf  final 
examination  scheduling  in  the  NFS. 


Chapter  II  references  previous  studies  at  NPS  and  similar 
problems  in  ether  institutions.  This  chapter  also  defines 
NPS's  goals,  constraints  and  other  desirable  feacui’es. 

Chapter  ill  defines  Measures  of  Effectiveness  (MOEl  to 
evaluate  solution  quality. 

Chapter  IV  defines  the  data  used  to  get  the  final  exam 
schedule . 


Chapter  V  describes  the  heuristic  method  used  in  the 
computer  algorithm. 

Chapter  VI  analyzes  the  results  obtained  by  the  manual 
method  and  the  computer-assisted  method. 

Chapter  VII  explores  tvvc  policy  studies. 

Chapter  VIII  presents  the  conclusions  and  recommendations. 

Appendix  A  presents  a  Glossary-  of  the  terms  used  in  the 
thesis . 

Appendix  2  presents  the  designators  of  each  academic 

Appendix  C  presents  the  floor  preferences  for  each- 
academic  department , 

-Appendix  C  is  a  high  level  flow  chart  of  the  program  tc 
■construct  the  schedule. 

Appendix  E  is  a  flow  chart  of  the  algcrithuTi  used  to  rank 
periods . 

.Appendix  F  presents  a  sample  of  the  solution  output. 


IZ.  PROBLEM  DESCRIPTION 


A.  THE  NFS  FINAL  EXAMS  SCHEDULING  PROBLEM 

At  KPS  there  have  been  at  least  two  previous  attempts  tc 
solve  the  final  examinations  scheduling  problem  by  computer- 
assisted  methods.  In  1966  HAMS  [Ref. 2],  the  Heuristic  Academic 
Master  Scheduler  was  created.  This  program  didn't  succeed  due 
to  its  inability  to  get  a  feasible  solution  for  all  the  exams. 

In  1985  there  was  another  attempt  by  Fiegas  [Ref.C].  It 
proposes  an  heuristic  algc-ithm,  in  which  exams  ere  assigned  to 
periods  withcut  any  special  pre-arrangement.  If  there  are 
exams  that  could  not  be  allocated  to  any  period,  icalied 
blocked  exams)  a  nev;  arrangement  is  made  in  the  order  the 
exams  are  processed  by  the  algorithm,  this  procedure  is  then 
repeated  using  seme  rules  until  a  feasible  scluticn  is 
obtained  or  the  number  of  iterations  exceeds  a  pre-established 
-imit . 

B.  LITERATURE 

In  the  open  literature  several  approaches  have  been  made 
to  the  examination  scheduling.  Eroder  [Ref. 5]  proposes  a 
method  to  yield  a  minimal  n’umber  of  student  conflicts  in 
scheduling  final  examinations.  The  goal  is  achieved  by 
iteratively  evaluating  a  nonlinear  set  of  equations.  The 


process  implements 


random  selection  of  assignments.  This 


heuristic  can  find  many  solutions  that  are  not  necessarily 
optimum,  but  are  locally  minimal.  No  effort  is  made  to 
improve  the  sciucion  obtained. 

The  other  possible  approaches  to  this  problem  vjould  be  to 
define  and  solve  an  integer  linear  prograirming  model.  The 
literature  about  this  topic  abounds  with  evidence  that  this 
type  of  problem  becomes  untractable  as  soon  as  the  number  of 
course,  room  and  time  constraints  grows  above  some  limits. 
Those  _iir.it s  are  certainly  exceeded  by  the  NPS  problem. 

similar  problem,  is  studied  by  Eglese  ec  al.  [Ref. 10]. 
Their  study  produces  a  timetable  for  seminars  offered  in  a 
week  (four  daysi  conference.  The  number  of  different  seminars 
cc  schedule  are  15,  they  can  be  repeated  any  nu-Tiber  of  times, 
though  with  some  constraints  about  maximum  and  minimum  number 
of  participancs .  There  are  cor.se rair.ts  imposed  by  the  number 
cf  rooms  available  (seven) ,  the  requirement  of  some  seminar 
leaders  fer  blackout  facilities  in  the  rooms  assigned  to  them 
(only  5; ,  and  the  fact  that  one  seminar  leader  was  responsible 
for  zwc  cf  the  seminars.  The  number  of  participants  is  265, 
each  one  makes  an  advance  request  for  the  four  seminars  in 
which  he  desires  to  participate.  This  problem,  evidently 
smaller  than  that  cf  scheduling  the  final  examinations  at  the 
MRS,  is  formulated  by  the  authors  as  a  mixed  integer  linear- 
prcgraoiming  problem.  The  formulation  requires  over  15,C0(j 
variables,  including  60  binary  variables. 
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David  Johnson  fRef.ll)  present  a  study  of  the  final  exams 
scheduling  problem  at  the  university  of  South  Pacific  (Fiji) . 


The  dimensions  of  the  problem  are  the  following; 

•  1C  exam  days  with  two  sessions  each  one,  making  a  total  of 
20  sessions. 

•  2350  students. 

•  20C  examinations  have  to  be  scheduled  at  the  end  of  each 
semester . 


The  constraints  of  the  problem  are  the  following: 

•  The  timetable  must  avoid  all  student  conflicts. 

•  All  examinations  should  be  completed  in  at  most  2  weeks 
(20  sessions) . 

•  It  must  be  possible  to  accomodate  all  candidates  in  the 
various  examination  rooms  available, 

•  Those  examinations  with  a  larger  n'iinber  of  candidates 
should  come  earlier  in  the  examination  period  to  allow  the 
maximum  time  for  marki.ng. 

•  Where  a  student  is  taking  more  than  one  examination,  these 
s.hould  be  spread  out  throughout  the  2  weeks  if  at  all 
possible  so  that  there  is  some  time  for  preparation  before 
each  examination. 


For  the  previous  problem  an  integer  linear  programming 
model  is  formulated,  with  the  objective  function  of  minimizing 
the  overall  number  of  consecutive  examinations.  The 
formulation  presented  doesn't  take  into  account  several 
constraints  imposed  in  the  NPS  problem.  For  the  formulation 
presented  a  problem  involving  100  examinations  extended  over 
20  sessions  and  requiring  one  room  for  each  e.xam  would  lead  to 
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267,240  conscrair.ts  in  96,050  binary  variables.  The  author 
concludes  that  even  after  improving  the  formulation  of  the 
integer  programniing  mcdel,  it  would  not  be  practical  to  solve 
t.he  model . 

Carter  lF,ef.l2j  identifies  the  probleiT.  of  finding  a 
conflict  free  timetable  with  the  vertex  coloring  problem, 
which  is  kr.QV/n  to  be  KP-ccmplete .  Kis  conclusions  states: 

When  the  problem  is  expressed  mathematically,  the  numbers 
of  variables  and  constraints  become  unmanageably  large  for 
practical  3i2e  problems. 

Later,  Carter  et  al.[-Fef.l3!  study  the  classrcom 
assignment  problem.  The  final  e.xamination  problem  matches  the 
definition  of  interval  clasBroom  assigruaent  problem  presented 
by  these  authors.  They  shcv,-  the  feasibility  test  tc  be 
polynomially  solvable  in  0{ni  time  and  the  problem  of  finding 
a  solution  inct  c-ptimaii  to  be  NF-compiete  and  therefore 
assumed  unsclvable. 

Most  of  the  approaches  to  the  final  examinations 
scheduling  problem  reject  an  integer  linear  prcgramroing 
method  because  its  complexity.  Instead,  the  common  approach  is 
by  means  of  an  heuristic  algor ithmi. 

Che  approach  adopted  in  this  thesis  is  to  develop  a 
heuristic  aigcrithm  that  constructs  a  solution  with  reasonable 
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C.  DIHEHSIOKS  OF  THE  NFS  FROBLBH 


The  dimerisions  of  the  NFS  problem  for  the  1994  Winter 
Quarter  are  indicated  below.  The  dimensions  are  similar  for 
ether  quarters. 

•  Number  of  students  =  1778 

•  Number  of  classrooms  =  74 

•  Number  of  periods  =  16 

•  Number  of  professor-exams  =  216  (professor-exam  is  defined 
in  Appendix  A) 

•  Average  number  of  conflicts  for  each  course  =  7.7 

•  Maximum  number  of  conflicts  for  a  course  =  81 

•  Minimum  number  of  conflicts  for  a  course  =  1 


D.  SOME  ARGUMEHTS  SUPPORTING  THE  SELECTION  OF  THE  HEURISTIC 
APPROACH 

The  considerations  discussed  in  the  preceding  section  led 
the  author  of  this  thesis  to  choose  the  approach  of  developing 
an  heuristic  algorithm  as  a  way  of  obtaining  a  good,  although 
not  necessarily  optimal,  solution  for  the  scheduling  problem. 
Other  arguments  supporting  this  approach  are  the  following: 

•  .Some  cf  the  constraints  expressed  in  Chapter  ll  Sections 
F  and  G,  such  as  room  preferences,  are  very-  difficult  to 
medei  in  an  integer  linear  programming  model  but  are 
easily  applied  in  an  heuristic  model. 

•  The  heuristic  approach  follows  -vvfhat  is  being  done  by  .hand 
to  obtain  a  solution.  This  allows  the  program  to  use 
he-uristics  that  have  matured  and  improved  over  more  than 
20  years  of  accumulated  experience. 


If  there  are  changes  in  the  future,  it  may  be  easier  to 
add  or  change  constraints  in  the  heuristic  algorithm  than 
in  an  integer  linear  programming  definition. 

The  heuristic  program  runs  in  a  personal  computer  in  a 
predictable  time.  An  integer  problem  of  this  dimension,  if 
it  were  feasible  to  solve,  probably  could  not  be  run 
quickly  on  a  personal  com.puter, 


E.  PREVIOUS  DESCRIPTIONS  OF  THE  PROBLEM. 

The  problem  at  NPS  has  been  studied  by  Nolan  and 
Youngblood  ;Ref .2] . 

Like  scheduling  courses  for  the  regular  instruction 
period,  scheduling  final  exams  involves  selecting  time 
periods  and  room,s .  Unlike  scheduling  for  the  regular 
instruction  period,  however,  only  one  two-hour  time  period 
is  required  for  each  course,  regardless  of  the  numi-sr  of 
segments  or  credit  hours,  and  frequently  mere  than  one 
room  IS  required  to  accomodate  the  st..idents  in  all 
segments . 

The  authors  make  an  exhaustive  description  of  the  final 
examination  schedule  problem,  the  constraints  and  "unwritten 
rules"  of  the  process  and  a  step  by  step  description  cf  the 
manual  process.  The  salient  features  cf  their  description  and 
conversations  with  the  course-schedulers  follow. 


F .  CONSTRAINTS 

The  follc’wing  constraints  should  be  taken  into  account 

v.'hen  scheduling  final  exams  [Ref. 5],  [Ref. 7],  [Ret. 8]; 

•  Cl.-  The  timetable  must  avoid  both  student  and  professor 
conflicts.  Mo  student  or  professor  should  have  more  than 
one  examination  at  the  same  time. 
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C2.-  The  timeframe  available  for  final  examinations  is 
four  days,  Monday  through  Thursday  of  the  12th  week  of  a 
quarter 

C3 . -  The  hours  available  for  final  examinations  in  a  day- 
are  from  0800  to  1"00. 

C4.-  All  courses  that  require  final  exam  sho-ald  be  given 
a  t’wo  hour  period  for  this  purpose. 

C5.-  .A  student  can  have  at  most  2  exams  per  day. 

Ctl .  -  The  room  or  set  of  rooms  used  for  an  exam  has  to  have 
a  capacit-y  of  150%  of  the  number  of  students  that  are 
going  to  take  the  exa.m. 

C7 . -  All  segments  of  a  same  course  should  have  the  exam  at 
the  same  time,  even  when  they  have  different  professors. 

C8.-  Viher.  there  is  not  a  single  room  available  to  hold  ai- 
the  students  of  a  prof esscr -exam,  the  rooms  assigned  to  a 
professor  have  to  be  in  the  same  floor  of  the  same 
building  and  as  close  as  possible.  No  prof  esscr-e.xam 
should  be  assigned  to  more  than  three  rooms. 

C9 .  -  There  is  no  limit  on  the  number  of  exams  a  faculty' 
member  can  attend  in  a  day,  but  they  cannot  be  scheduled 
for  foack-tc-back  exams.  It  is  mandatory'  to  have  at  least 
One  hour  between  exams . 

CIC.-  Faculty  members  cannot  be  scheduled  to  attend  two 
different  exams  at  the  same  time. 

Cll.-  On  request,  some  exams  are  preassigned  a  period  and 


C12.-  A  room  chat  has  a  final  exam  scheduled  must  not  be 
scheduled  for  any  other  event  in  the  hour  following  the 
exam.  That  is,  no  other  exa.m  or  refresher  class  can  be 
scheduled  to  begin  immediatel’/  after  the  exam. 

C12.-  Graduating  students  should  not  be  scheduled  tor 
exams  on  Thursday  morning,  since  this  is  the  time  for  the 
graduation  ceremony. 

C14.'  Each  professor  teaching  a  course  has  to  be  assigned 
a  classroom  or  set  of  classrooms  for  all  his  students 
apart  from  the  classrooms  assigned  to  other  professors 
teaching  the  same  course. 
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Ci5.“  SORie  courses  have  cwo  professors  for  the  same  group 
of  students.  In  this  case  both  professors  should  be 
available  at  the  time  their  final  examination  is 
scheduled. 


G.  DESIRABLE  FEATURES 

There  some  desirable  characteristics  of  the  Final  Exam 
Schedule  that  have  not  been  specifically  expressed,  but  after 
many  years  of  manual  scheduling  have  been  accepted  as 
additional  lQV.'er  priority  constraints  [Ref. 6],  [Ref. 7], 
[Ref . 8] .  These  are ; 

•  D1 . -  It  is  permitted  but  not  desirable  that  students  have 
tv.'C  exams  back-to-back, 

•  D2 .  -  h'o  requirement  is  established  in  relation  to  v.’hat 
hours  to  use  from  the  9  hours  daily  timeframe,  but 
continuing  with  the  current  use  by  the  schedulers,  the 
periods  to  consider  will  be  C600-100C,  1000-1200,  1200- 
1500,  1500-170G. 

•  D3 . -  If  it  IS  possible  it  is  desirable  that  final  exams 
take  place  in  Che  same  rocm  in  which  the  corresponding 
lectures  take  place. 

•  D4 .  -  It  is  desirable  that  exams  take  place  in  the 
building  where  the  department's  office  is  located. 

•  D5 .  -  In  the  case  an  exam  cannot  be  held  in  its  own 
department  building,  every  department  has  seme  preferences 
about  alternative  buildings.  These  are  expressed  iri 
Appendix  C. 

•  D6 . -  It  is  desirable  for  graduating  students  not  to  have 
exams  or.  Thursday  afternoon. 

•  D7 . -  It  is  desirable  that  courses  of  level  1000  and  2000 
be  scheduled  after  Tuesday. 

•  D8 . -  Constraint  C6  defines  a  minimum  room  capacity  for 
examinations  but  no  maximumi .  It  is  desirable  to  crevide 
students  with  as  much  room  as  possible. 
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This  thesis  initialiy  implements  desirable  feature  D2  as 
a  constraint.  When  solutions  are  not  found,  this  constraint  is 
relaxed  to  allow  for  examinations  to  be  scheduled  on  Friday 
morning.  All  other  desirable  features,  except  D8  are  taker, 
into  account  to  compute  the  measures  of  effectiveness  of 
the  solutions  obtained.  Some  desirable  features  cose 
ccntradictory’  goals.  For  example,  an  e.xair.inaticn  period  could 
be  good  in  terms  of  examination  time  distribution  across  the 
week  and  bad  in  terms  of  classroo.ms  available;  the  opposite 
could  happen  in  another  period. 

H.  EXCEPTIONS 

In  case  a  schedule  can  not  be  found  with  the  constraints 
in  Section  II. F  the  following  exceptions  can  be  made: 

•  El.-  Exams  can  be  scheduled  Friday  morninc  from  OSCO  to 

1200. 

•  E2 . -  Examinations  with  preassigned  room  can  be  scheduled 
in  another  room  if  that  preassigned  room  is  not  available. 
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III. 


MEASURES  OP  EFFECTIVENESS 


In  order  Co  assess  che  value  of  the  solutions  proposed  as 
an  alternative  to  the  systeip.  currently  in  use  and  in  order  to 
conduct  the  policy  studies  cited  in  Section  I.C,  we  need  to 
establish  some  consistent,  quantitative,  measurable  and 
credible  metrics  of  how  well  the  new  and  the  old  system 
achieve  the  goals. 

In  regard  to  the  first  goal  expressed  in  Secticn  I.C, 
Shorten  time,  the  time  of  e.xecution  is  considered  as  a  KOE  to 
be  compared  with  the  time  required  by  the  current  process  of 
manual  scheduling.  .Additional  time  required  to  prepare  data  or 
to  write  and  distribute  final  documents  is  not  considered. 

In  regard  to  the  second  goal,  Improve  <juttlity,  the 
measures  of  effectiveness  (MOE's)  have  tc  take  into 
consideration  the  interests  of  the  several  groups  involved  in 
the  problem.  These  are:  The  School  a'±ninistration  ihere 
represented  by  the  departments;,  the  Schcci  faculty  and  the 
students.  Each  of  these  groups  have  independent  interests 
concerning  the  schedule  cf  final  examinations.  The  factors 
that  make  a  solution  sac  is  f  ac-ory  or  not  for  these  groups 
are : 

♦  time  each  examination  is  scheduled. 

•  location  (building  and  room)  where  the  exam  takes  place. 
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•  discribution  of  the  examinations  across  the  four  days. 

•  number  of  rooms  for  a  given  e>:.. 

The  Administration  is  also  concerned  about  the  percentage 
of  exams  included  in  Che  solution. 

In  regard  to  the  third  goal  Conduct  policy  studies,  time 
is  the  most  important  factor  to  permit  the  study  of  new 

policies,  provided  the  schedules  are  of  high  quality. 

All  the  MOEs  can  be  computed  with  the  input  data  and  the 

solution.  A  stand-alone  program  is  provided  to  evaluate  the 

manually  produced  schedule  with  the  same  MOEs.  The  design  of 
the  computer  program  to  compute  the  MOEs  makes  it  possible  to 
change  the  weights  on  the  MOE  calculations  and  also  add 

additional  measures  of  quality. 

A.  MOEl.  TIME  OF  EXECDTIOK 

The  MOEl  expresses  the  time  required  to  solve  the 
scheduling  problem.  MOEl  includes  the  time  needed  to  produce 
a  give.n  number  of  schedules  using  the  computer-assisted 
method . 

B.  M0E2.  NUMBER  OF  SEATS  NEVER  USED 

From,  the  Administration  point  of  view  it  is  important  to 
minimize  the  number  of  different  rooms  used  for  the 
exam.ir'.ations ,  'how  many  times  a  room,  is  used  is  of  no 
concern) .  The  Administration  appears  to  have  no  preference  on 
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the  way  the  exams  are  distributed  along  the  week,  nor  about 
the  particular  period  in  which  an  exam  is  scheduled. 

M0S2  is  defined  as  the  total  number  of  seats  never  used 
during  the  final  examinations  week  and  thus  available  to  the 
Administration  for  other  activities.  In  regard  to  room  use 
saving,  it  is  net  the  same  to  use  a  small  room  as  to  use  a 
large  room.  But  it  is  net  known  what  is  more  desirable  for  the 
.Administration,  to  save  a  large  room,  or  to  save  several  rooms 
with  the  same  total  number  of  seats  as  the  large  one.  For 
large  group  activities  the  Administration  would  prefer  the 
large  room  to  be  saved,  but  for  several  small  group  activities 
the  alternative  is  better.  Since  no  infermatien  about  this 
preference  is  available,  it  is  assumed  that  what  matters  is 
the  total  number  of  seats  available  for  the  Administration 
during  ail  the  final  examinations  week.  The  larger  the  nuirber 
of  seats  never  used  the  better  the  solution  obtained. 

C .  MOE3 .  UNSCHEDULED  COURSES . 

K0E3  is  defined  as  the  sum  of  the  number  of  stude.nts  for 
3il  the  exams  not  inc-uded  in  the  schedule. 

D.  M0E4.  ROOM  ADEQUACY 

Faculty  seems  tc  be  pri.marily  concerned  about  all  exams 
being  scheduled  in  the  timeframe  defined  in  the  constraints, 
without  resorting  to  extra  periods.  Faculty  and  students  also 
have  a  preference  for  the  location  assigned  to  the 
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examinations.  It  is  desirable  that  examinations  be  scheduled 
in  the  same  room  in  which  the  lectures  have  taken  place 
whenever  possible.  If  not  possible,  the  next  preference  is  to 
have  rooms  assigned  in  the  same  building  in  which  the  lectures 
have  taken  place.  If  neither  is  possible,  it  is  assumed  that 
the  next  prefere.nce  is  to  have  roomis)  assigned  in  the 
department  building,  when  this  is  net  the  building  where  the 
lecture  takes  place.  Finally,  there  are  some  preferred 
buildings  because  of  the  proximity  to  the  department  building. 

MOE4  is  defined  as  the  sum  of  the  number  of  students  of 
each  exam  weighted  by  a  factor  determined  by  the  location  in 
which  the  e.xam  takes  place . 

E.  MOE5.  EXAM  TIME  DISPERSION 

Students,  in  general,  are  concerned  about  the  spread 
across  the  week  of  their  exams.  Normally  it  is  preferred  to 
have  the  exams  as  spread-cut  as  possible  across  the  week.  Even 
though  it  is  permitted  for  a  student  to  have  tv/o  exams  in  the 
same  day,  it  is  preferred  that  this  circumstance  affect  the 
minimufi  number  of  students.  Even  though  back-to-back  exams  are 
permitted  for  students  this  is  highly  undesirable. 

Even  though  permitted,  it  is  also  desired  chat  graduating 
students  have  no  exams  to  take  on  Wednesday'  afternoon  or  on 
Thursday'  afternoon.  Constraint  C13  prohibits  scheduling 
examinations  for  graduating  students  on  Thursday  morning. 
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M0E5  is  deteraiined  by  assigning  a  score  to  every  student's 


individual  schedule  us-ng  the  following  rules t 

•  li  the  student  never  has  two  exams  in  a  day,  or  having  two 
exams  one  day,  the  previous  day  had  nc  exam,  assign  5 
points  to  this  individual  schedule. 

•  If  the  student  has  two  exams  only  one  day,  preceded  by  a 
day  with  one  exam,  assign  4  points  to  the  individual 
schedule . 

•  If  the  student  has  two  non-consecutive  days  with  two 
exams,  assign  3  points  tc  the  individual  schedule. 

•  If  the  student  has  two  consecutive  days  with  two  exams, 
assign  2  points  to  the  individual  schedule. 

•  Subtract  one  point  from  the  previous  score  for  each  time 
two  back-to-back  examinations  have  been  scheduled. 


The  higher  the  value  obtained  the  better  is  the  solution 
in  regard  tc  this  MOE.  The  assign.ment  of  examinations  to 
graduating  stude.nts  on  Thursday  afternoon  is  penalised  when 
the  periods  ranking  is  made.  However,  no  MCE  takes  into 
account  how  many  graduating  students  are  scheduled 
examinations  for  periods  or.  Thursday  afternoon. 

F.  MOE6.  NUHBBR  OF  BACK-TO-BACK  EXAHS 

This  MCE  expresses  the  ."lumber  of  students  who  have  back  ■ 
to-back  exams  in  the  schedule.  A  student  having  back-to-back 
exams  two  times  increases  this  MOE  by  two. 
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IV .  THE  DATA 

A.  CIJVSS  SCHEDULE  OUTPUT  DOCUMENTS 

Or^ce  the  process  of  class  scheduling  for  the  next  quarter 
has  been  finished,  the  scheduling  of  final  exams  begins.  At 
this  time  the  follov;ing  documents  are  available; 

•  Student  Schedule  Cards . 

•  Instructor  Schedule  Cards, 

•  Revgular  classrcoir,  and  laboratory  Schedule  Cards. 

•  Master  Instruction  Schedule  (except  the  information 
concerning  Final  S.xams  >  . 


A  description  of  these  documents  is  made  in  the  Glossary^  of 
terms  in  Appendix  A. 

B.  DATA  AVAILABLE 

The  input  data  for  the  examination  scheduling  problem  is, 
in  part,  contained  in  the  School  mainframe  computer. 
Unfortunately,  some  data  is  not  in  the  mainframe  and  has  tc  be 
introduced  manually  [Ref. 9],  As  described  in  Chapter  VI 
Section  A,  the  data  in  the  School  database  is  manually 
augmented  to  construct  data  files  on  the  mainframe. 

The  data  obtained  from  the  data  files  in  the  mainframe  is 
entered  into  the  program  by  input  files  that  contain; 


Names  of  the  courses  requiring  final  examination. 


•  Nair.es  of  the  faculty  teaching  every  segment  of  any  course. 
If  there  are  two  or  more  professors  in  a  same  segment  of 
a  course,  this  is  also  known. 

•  Number  of  students  assigned  to  every  professor  in  each 
segment  of  any  course. 

•  Code  for  t.he  student  cliques  taking  any  course,  and  nu.mber 
of  students  in  the  clique. 

•  Lecture  room  used  during  the  class  period. 

•  for  each  course  a  list  of  conflicting  courses. 


The  following  information  not  in  the  mainframe  is  also 
used  by  the  program: 

•  .Rcorns  available  for  the  final  examinations,  including  any 
period  in  which  any  room  is  not  av.ailable. 

•  Unavailability  of  any  professor  at  any  period.  This  data 
is  entered  manually  at  execution  time. 

•  Special  requirements  of  rooiti  or  scheduling  time  for  any 
exam.  This  data  is  entered  manually  at  execution  time. 

•  Preferred  buildings  to  conduct  final  examinations  for 
every  department.  This  data  is  included  in  the  code. 

•  Existence  or  not  of  graduating  students  in  any  course. 
This  data  is  contained  in  a  file  read  by  the  program. 


C.  DESIGNATORS  USED  IN  THE  NFS  SCHEDULING  PROCESS 

The  program  uses  the  same  designators  for  the  several 
types  of  date  as  those  usee  by  the  schedulers,  with  only  a 
minor  modification  concerning  room  identification. 
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1.  course  Deslgmator. 

An  alpha-nuJT'.eric  syrrJool  consisting  cf  two  letters  and 
four  n-jirijers  designates  each  course.  The  first  two  letters 
designate  the  academic  department  which  offers  the  course, 
.appendix  G  contains  the  academic  department  designators. 

2.  Faculty  Desigmator. 

Professors  are  designated  by  a  symbol  formed  by  two 
letters,  a  slash  and  tv;o  letters.  The  first  tv/o  letters 
correspond  to  t.he  academic  department  to  which  the  professor 
belongs.  The  second  pair  is  obtained  from  the  professor's  last 
name  to  identify  the  professor  in  the  department. 

3.  Cligue  Designator. 

.A  clique  designator  is  composed  c£  two  letters  and 
three  or  four  digits.  The  two  first  letters  and  two  first 
numbers  identify  the  section  in  the  curriculurri  to  which  the 
clique  belongs.  The  last  digits  {one  or  two.)  identify  the 
clique  in  the  section. 

4.  Room  Daaignator. 

.A  room  designator  is  composed  of  a  letter  indicating 
the  building  where  the  classroom  is  placed,  one  alpha-numeric 
character  indicating  the  floor  in  the  building  in  which  the 
room  is  placed  and  two  mere  digits  identifying  the  particular 
room  in  that  floor.  In  very  few  occasions  a  fifth  alphabetic 
character  is  added  to  distinguish  between  two  co.n.nected  rooms. 
In  the  program  implementation  this  fifth  character  has  been 
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supressed  and  whenever  necessary’  she  room  identification  has 
been  given  a  new  numerical  identification  composed  of  a  letter 
and  three  digits. 

D.  TRANSFORMATION  OF  THE  INITIAL  DATA 

The  process  of  class  scheduling  takes  place  before  the 
exam  scheduling.  The  output  data  of  the  class  scheduling  phase 
-s  part  of  the  input  data  for  the  exam  scheduling  problem.. 
.However  the  exam  scheduling  problem  is  solved  with  structures 
that  are  thought  to  be  the  best  for  this  problem.,  not  the 
structures  available  at  the  end  of  the  class  scheduling  phase. 
The  pregram  developed  is  intended  to  be  run  in  any  personal 
computer  net  necessarily  connected  to  the  mainfrair.e,  therefore 
the  data  should  be  entered  by  diskette.  .An  interface  program, 
not  contained  in  this  thesis,  reads  the  data  from  the 
mainframe  and  writes  it  to  the  diskette  in  the  appropiate 
format  to  be  read  by  the  program,  of  final  exam.i  nations 
scheduling.  This  approach  has  the  benefit  that  later 
modifications  of  Che  data  structures  generated  by  the  class 
scheduling  program  will  only  require  modi ficac ions  in  the 
interface  program. 
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V.  AN  HEDRISTIC  APPROACH 


A.  THE  HEURISTIC  APPROACH 

Before  fhe  search  for  a  solution  to  the  final  exams 
schedule  begins,  it  is  convenient  to  check  the  feasibility  of 
the  prcblem  defined.  No  procedure  is  available  to  test  if  all 
examinations  can  be  scheduled.  But,  there  are  several  cases  of 
easi-y  detected  infeasibility  such  that  a  significant  amount 
of  time  will  be  saved  if  they  are  detected  before  trying  tc 
look  for  a  solution.  If  infeasibility  is  detected,  the  program 
v.’ill  v;arr;  the  user  about  this  eventuality  and  -will  continue 
-ookir.g  for  a  solution  using  the  EXCEPTIONS  permitted  in 
Section  II. H. 

A  graph  can  be  made  in  which  the  nodes  are  the  exams 
necessary  to  schedule,  when  an  exam  has  a  student  clique  in 
ccmricn  with  another  exam,  an  arc  links  both  ncdes  indicating 
a  conflict  in  case  of  simultaneous  scheduling.  Similarly,  if 
a  faculty  member  teaches  two  courses  there  is  an  arc  linking 
the  corresponding  nodes. 

It  is  possible  that  the  conflict  graph  car.  be  decomposed 
in  two  or  more  independent  unconnected  components.  This  does 
net  miean,  however,  that  every  component  can  be  solved  as  if  it 
were  an  independent  problem.  This  is  because  ever,  when 
components  of  courses  can  be  separated,  this  only  happens  -with 
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respect  to  student  cliques  and  faculty  conflicts.  However,  all 
examinations  must  use  the  same  set  of  rooms.  Thus,  the  final 
e.xam  scheduling  of  all  courses  is  interrelated  and  has  to  be 
considered  as  a  whole. 

1.  A  Partial  Proof  of  Feasibility  Concerning  Course 

Conflicts . 

During  the  final  examination  week,  sixteen  different 
periods  are  available.  A  proof  of  feasibility  in  regard  to 
student  and  faculty  conflicts  consists  of  applying  a  vertex 
coloring  algorithrr.  to  the  conflict  graph.  Since  a  graph 
coloring  is  K?-conplete,  there  are  no  efficient  exact 
algorithms  for  problems  of  the  scale  of  the  NPS  problem. 
Therefore  an  heuristic  algorithm  would  -have  to  be  used.  If  a 
vertex  colori.ng  algorithm  can  color  the  conflict  graph  with  16 
or  fewer  colors,  the  scheduling  problem  is  feasible  with 
respect  to  conflicting  courses.  The  contrary  is  not  true,  that 
13,  since  the  coloring  graph  algorithm  is  an  heuristic  and  .not 
an  exact  method,  it  could  be  the  case  that  the  coloring 
algorithm  is  unable  tc  color  the  graph  with  16  cr  fewer  colors 
when  this  is  really  possible. 

Thus  the  success  of  the  coloring  algcrithm  indicates 
the  feasibility  of  the  scheduling  problem.  The  number  of 
colors  needed  gives  some  indication  of  the  inherent  difficulty 
of  the  prcblem. 


2.  A  Case  o£  Infeasibility  Due  to  Classroom  Availability. 


Every  day,  four  different  periods  are  available  to 
schedule  exants.  However  the  constraint  Cll  doesn't  permit  a 
classroom  to  be  used  without  at  least  an  hour  interval  from 
exam  to  exam.  This  means  that  evesy'  classroom  is  available  at 
most  one  period  in  the  morning  and  one  in  the  afternoon.  That 
is,  a  classroom  can  be  used,  at  most,  eight  times  during  the 
whole  v/eek.  Multiplying  the  maximium  number  of  classrooms 
available  times  0  periods,  gives  the  total  n-imber  cf 
c-.asstooTr.-period3  available.  A£t.er  deducting  from  the  number 
obtained  the  ciassrocms-periods  not  available  for  any  reason, 
at  least  one  classroom  has  to  be  assigned  to  every  professor- 
exam.  Therefore  if  the  number  of  professor-exams  is  larger 
than  the  remaining  numiber  of  classrooms  available,  the  problem 
has  no  solution. 

3.  A  Measure  of  Course  Scheduling  Coi^plexity. 

The  heuristic  used  to  sclve  the  scheduling  problem 
first  assigns  those  exams  that  fcr  several  reasons  are  deemed 
to  be  complex  to  schedule.  This  complexity  is  evaluated  by 
several  factors  affecting  the  exam.  The  reason  the  heuristic 
uses  this  approach  is  to  facilitate  the  scheduling  cf  these 
complex  exams  (in  the  scheduling  sense)  when  the  constraints 
cf  time  and  classroom  have  not  yet  being  worsened  due  to  the 
assigrj^p.ent  of  ocher  exams.  Therefore  it  is  necessary  cc  sort 
the  courses  by  their  complexity. 
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The  complexity  to  schedule  an  exam  is  a  figure  that 
expresses  hov<  difficult  an  exam  is  to  be  scheduled  taking  into 
ccnsideraticn  those  factors  deemed  to  be  significant.  Those 
include : 

•  Number  of  professors  teaching  the  course. 

•  Number  of  students  enrolled  in  the  course. 

•  Number  of  remaining  conflicting  ccurses. 

•  frcportion  cf  courses  already  scheduled  in  the  course 
curriculum. 

•  Number  of  possible  periods  remaining  for  the  course. 

•  Whether  the  course  has  a  period  presssignmsnt . 

■  W’hether  the  course  has  seme  early  or  late  schedule 
preference . 

•  Whether  the  course  has  room  preassignment. 

•  Relation  cf  number  cf  remaining  conflicts  to  number  c£ 
students . 

The  formula  used  to  compute  the  complexity  number  uses 
several  sets  cf  coefficients,  associated  v.-ith  the  factors 
mentioned  above.  The  comp.exity  n'umber  ranks,  by  relative 
grade  of  difficulty,  Che  exams  remaining  to  be  scheduled. 

One  of  the  factors  to  determine  the  ccirplexity  number 
of  an  exam  is  the  number  of  remaining  ccurses  v.-ith  vihich  the 
course  conflicts.  Therefore,  once  &  course  has  been  scheduled, 


the  number  cf  conflicts  with  some  of  the  remaining  unscheduled 
courses  changes.  The  complexity  numbers  are  recomputed  eveii' 
time  an  exam  has  been  scheduled  to  update  the  order. 


Care  is  taken  so  that  a  carricul'am  does  not  have  all 
its  courses  scheduled  at  the  beginning  of  the  week  and  another 
has  ail  its  exams  scheduled  at  the  end  of  the  week.  To  avoid 
this  the  complexity  evaluation  of  a  course  takes  into  account 
the  percentage  of  courses  in  the  curriculum  net  yet  scheduled. 
The  bigger  this  percentage  the  greater  is  considered  the 
complexity  of  the  course;  this  tries  to  avoid  great  inequities 
from  one  curriculum,  to  another. 

Courses  belonging  to  the  first  four  quarters  of  any 
curriculum,  when  students  have  compulsory’  courses  and  rarely 
any  electives,  do  not  have  much  complexity  due  to  conflicts 
nor  to  the  presence  of  graduating  students.  However,  they 
typical  !•/  have  a  large  numiber  of  students  and  more  than  one 
professor  making  them  appear  more  complex  than  they  really 
are.  For  this  reason  and  to  comply  wish  desired  feature  D7  a 
decrement  of  complexity  is  applied  to  these  courses. 

When  computing  the  complexity  of  a  course,  the  numb-er 
of  feasible  periods  for  this  course  are  taken  into  account. 
The  number  of  conflicts  remaining,  by  itself,  does  not  give  a 
full  indication  cf  how  difficu-t  it  is  going  tc  be  to  find  a 
period  for  the  course  unless  it  is  related  with  the  number  of 
possible  periods. 

w’hen  a  course  has  been  preassigned  in  time,  or  has  a 
forbidden  period  at  which  can  net  be  scheduled,  its  complexity 
is  increased  to  force  an  early  processing  to  find  rooms 
available  at  the  preassigned  or  permitted  time. 
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The  preassignment  of  room  is  not  given  additional 
complexity. 

4.  A  Measure  of  Period  Aae<iuacy. 

Cnee  one  exam  has  been  selected  to  be  sched'cled 
because  of  its  complexity,  it  is  determined  which  is  the  best 
possible  period  for  it.  The  process  is  executed  for  ever\' 
pref essor-exam  in  the  course.  Every  period  is  considered  to 
evaluate  student  and  faculty  availability  and  if  those 
ccr.diticns  are  met,  a  room  or  set  of  classrooms  is 
preselected,  if  possible.  If  ail  the  previous  conditions  are 
met,  the  period  is  assigned  a  score  depending  on  the  location 
of  the  set  of  classrooms  selected,  and  if  the  set  is  ccriposod 
of  one  or  more  classrooms,  thus  fragm.encina  the  group  of 
students.  This  factor  has  to  take  into  account  the  several 
profess or -exams  involved,  since  one  professor  could  be  giver, 
a  very  high  score  set  of  classrooms  and  another  a  very'  pc-cr 
one.  The  best  case  happens  when  a  professor  is  assigned  as 
exam  classreem  the  lecture  classrocm  he  used  during  the 
regular  course.  The  process  also  takes  into  account  the 
preference  of  some  buildings  versus  others.  To  evaluate  the 
period  it  is  also  necessary'  tc  consider  the  number  of  students 
that  are  going  to  have  back-tc-back  e.xams  in  case  the  period 
is  definitely  chosen.  How  early  or  late  the  period  is  in  the 
week  is  also  evaluated  in  order  to  penalize  the  late  periods 
for  the  exams  of  highest  priority.  This  is  the  reason,  as  will 
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be  seen  lacer,  for  a  lack  of  uniformity  in  the  distribution  of 
exams  across  the  week. 


5.  A  Measure  of  Classroom  Ade<juacy. 

In  order  to  meet  desirable  features  D3,  D4  and  D5,  the 
algorithm;  ranks  possible  secs  of  classrooms  taking  inco 
account  the  following  factors; 

•  Classroom  is  the  lecture  classroom. 

•  Sec  of  rooms  are  located  in  the  same  building  the  leccure 
cock  place. 

•  Sec  of  rooms  is  in  che  department  building. 

•  Set  of  rooms  is  in  some  preferred  building. 

•  Number  of  rooms  in  che  set  of  rooms  selected. 

6.  The  Heuristic 

This  thesis  develops  a  Greedy  heuristic  to  solve  the 
crcblem.  The  algorithm,  presented  is  greedy  and  sequential  in 
the  sense  chat  the  courses  are  scheduled  one  at  a  tim.e.  A 
course  processed  and  scheduled  is  never  processed  again. 

The  heuristic  determines  che  scheduling  complexity  of 
the  exams.  Once  this  has  been  done,  the  most  complex  e.xam  is 
selected  to  be  scheduled  in  the  most  convenient  period 
available.  To  do  this  another  ranking  has  to  be  made  about  the 
adequacy  of  every  period  for  the  selected  course.  The 
algorithm  rejects  all  impossible  periods  and  assigns  a  score 
to  chose  possible,  giving  the  highest  score  to  the  most 
convenient  period  and  the  lowest  to  the  least  convenient. 
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Afcer  chis,  the  selected  exam  is  assigned  to  the  period  v/ich 
highest  score  and  it  is  assigned  classroomi s) .  Every  time  an 
exam  is  processed,  a  new  evaluation  of  complexity  is  made  for 
the  exams  remaining  to  be  scheduled.  This  procedure  continues 
until  all  exams  have  been  processed.  V.’hen  no  valid  period  is 
found  for  an  exam,  it  is  inserted  in  a  list  of  unscheduled 
exams.  The  solution  obtained  is  printed  or  send  to  a  file. 

The  weights  used  to  evaluate  the  scheduling  complexity 
of  a  course,  together  with  the  weights  given  to  rank  the 
periods,  determine  the  schedule  obtained.  If  multiple  sets  of 
complexity  coefficients  are  used,  multiple  schedules  can  be 
chtained.  The  MCE's  permit  the  user  to  choose  the  best 
schedule.  There  is  no  reason  to  think  that  t.hc  best  set  of 
coefficients  for  a  given  problem  is  going  to  be  the  best  for 
a  different  problem.  For  some  problems  it  may  he  difficult  to 
construct  a  solution  that  includes  all  the  courses.  Using 
several  sets  cf  coefficients  increases  the  probability  of 
obtaining  a  good  schedule,  if  one  exists.  Hopefully,  after 
adjusting  t.ne  coefficients  for  several  different  problems 
(several  quarters),  good  sets  of  coefficients  will  be 
identified. 

How  many  sets  of  coefficients  to  use  is  an  arbitrary' 
decision  based  on  the  ti.me  cf  execution  and  the  practicality 
of  identifying  many  substantially  different  sets  of 
coefficients  (not  just  fine  adjustments) .  The  present 
implem.entatior.  contains  five  sets  of  comple.xity  coefficients, 
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'which  cakes  about  15  minutes  on  a  personal  computer.  The  user 
car.  modify  the  code  very  easily  to  include  more  sets  of 
coefficients,  but  this  increases  the  execution  time  and  may 
not  lead  to  better  solutions. 

B.  PROGRAM  IMPLEMENTATION. 

The  program  has  been  implemented  in  Turbo-Pascal.  There 
are  two  programs  implemented,  the  first  one  finds  the 
solutions  for  the  final  examination  problem.  This  program 
permits  the  user  to  enter  some  initial  conditions  such  as: 

•  Excluded  days  for  any  examination. 

•  Prsassigned  period  for  any  examination. 

•  Preassigned  room  for  any  examination. 

•  Non-availability  of  any  room  at  any  period. 

'  Mon-availability  of  any  professor  at  any  period. 

A  stand-alone  program  has  been  developed  that  reads  a 
previous  solution  in  a  given  format  and  eval’uates  the 
corresponding  MOEs ,  This  permits  comparison  of  solutions 
obtained  by  the  manual  process  with  those  obtained  by  the 
heuristic  computer  program. 

1 .  General  Flow  Chart . 

Appendix  D  shows  the  highest  level  flow  chart  of  the 
final  examination  scheduling  program. 


2.  Period  SanJcin?  Flow  Chart. 

Appendix  S  shows  the  flow  chart  of  the  period  rar.king 

process . 

3  .  Sets  of  Constraints , 

Initially  the  constraints  iT.plemented  in  the  program 
are  those  expressed  in  Section  IT."  and  Section  II. G.  However, 
it  is  possible  to  relax  the  constraint  of  16  periods  to  18 
pertcds  and  tc  relax  the  preassi gnment  of  rooms  (Exceptions  El 
a.td  E2:  .  Both  constraints  are  modified  at  the  same  time. 

4.  Coefficients  to  Determine  Coniplexity . 

There  are  sets  of  coefficients  that  permit  the  user  to 
vai'y  the  weight  assigned  to  each  factor  affecting  the 
difficulty  Of  schedulinc  a  course,  like  the  number  cf 
students,  the  nuiriber  cf  conflicts  of  this  course  with  ether 
courses,  special  requirements,  etc. 

The  pregram  perforrrs  5  iterations  using  5  different 
sets  of  coefficients  in  erder  tc  find  a  feasible  solution.  If 
no  solution  is  found  after  using  the  5  available  sets  of 
coefficients,  the  set  of  constraints  in  force  is  modified  a.nd 
5  new  iterations  are  made  using  every  sec  cf  coefficients. 

Through  the  selectio.h  of  these  coefficients  and  these 
cf  period  evaluation  the  performance  cf  the  pregram  is 
modified.  The  task  of  finding  good  sets  cf  coefficients 
requires  running  the  program  with  many  different  sets  of 
coefficients  and  then  analysing  the  results  obtained.  Since 
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the  solution  obtained  does  noc  have  a  linear  relationship  with 
the  variables,  a  very  sn\all  variation  in  a  set  of  coefficients 
can  result  in  totally  different  solutions  or  even  not  produce 
any  solution.  Intuition  is  of  limited  value  when  modifying  the 
coefficients . 

5.  Course  Scheduling  Coiqplexity  Evaluation. 

The  formula  used  to  evaluate  complexity  is  the 


A  *  K'umber  of  professors  + 

5  *  Kuiriber  of  students  + 

C  *  Number  of  remaining  conflicts  -- 
D  *  %  of  yet  unscheduled  exams  in  the  curriculuir.  + 

E  *  Number  of  infeasible  periods  + 

F  (remaining  conf licts /poss ible  periods)  + 

G  ’  (remaining  conf licts/number  of  students ;+ 

H  (if  exam  has  a  preassigned  period)  * 

(if  exam  contains  graduating  students)  + 

(if  course  level  1000  or  2000). 

The  different  sets  of  complexity  coefficients  used  by 
-esent  implementation  are  shown  in  Table  5.1.  These 
cients  have  been  found  by  a  trial  and  error  process. 


TABLE  5.1  COEFFICIENTS  USED  TO  EVALU.J^TE  COURSE  COMPLEXITY 


As  can  be  seen,  the  coefficients  D  and  E  have  little 
i-pact  in  the  present  implementation,  but  provision  is  made 
for  future  .modifications  . 

6 .  Rules  CO  Assign  Period  Scores 

The  routine  tc  construct  scores  for  the  feasible 
periods,  modify  the  period  score  in  the  following  manner: 

♦All  period  scores  are  initialized  to  zero. 

♦  If  the  period  is  a  preassigned  period  for  that 
examination,  Che  score  is  the  maximum  integer  possible  in 
Che  computer. 
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If  the  course  has  a  preassigned  classroom  which  is 
available  in  the  period,  the  period  score  is  the  maximun 
integer  possible  in  the  computer  decreased  by  IQO  times 
the  number  of  the  period  being  evaluated.  In  this  way 
priority  is  given  to  the  earlier  periods. 

If  the  room  found  is  the  lecture  room  for  course  lectures, 
the  score  is  increased  by  20. 

If  the  room  is  in  one  of  the  three  most  preferred  floors 
the  score  is  increased  by  3. 

If  the  room  is  in  one  of  the  three  next  most  prefered 
buildings  Che  score  is  increased  by  2. 

If  the  set  of  rooms  found  is  composed  of  a  single  room, 
Che  score  of  the  period  is  increased  by  20. 

If  Che  set  of  rooms  is  composed  of  two  rooms,  the  score  of 
Che  period  is  i.ncreased  by  10. 

If  there  is  no  room  possible  in  the  period  the  score  is 
assigned  a  particular  n-omber  indicating  this  fact. 


7.  Output  Layout. 

Since  the  program  developed  is  not  intended  for  a 
final  user,  the  output  is  not  comprehensive.  Only  the 
following  outputs  are  provided: 

a.  Course  AssigtinsnC . 

For  every  prof  essor -exam  unit  the  follcv.’ino 
information  is  printed; 

CQURSS  PROFESSOR  ROOM  D.^^Y  PERIOD. 

A  sample  of  the  printout  is  shcvm  in  Appendix  F. 
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b .  Coureea 


Scheduled. 


A  list  of  unscheduied  courses  {if  any; is  given.  In 
case  all  courses  have  been  scheduled  the  message  is  ".ALL 
COURSES  SCHEDULED" . 

c.  mobb. 

The  measures  cf  effectiveness  discussed  in  Chapter 
III  are  evaluated  and  printed  after  processing  ail 
examinations  v;ith  each  set  of  coefficients.  Only  the  time  of 
execution  MOEl  is  not  printed. 

•  MC'F.2 .  {Number  of  seats  never  used)  = 

•  MOEl.  (Nuirter  of  exams  unscheduled.)  = 

•  M0E4 .  {Roorri  adecuacy  ;  = 

•  M0E5 .  {Exams  dispersion  in  time)  = 

•  M0E6 .  iNumber  of  back-to-back  exams)  = 
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VI.  ANALYSIS  OF  MANUAL  AND  COMPUTER-ASSISTED  SOLUTIONS 


WINTER  QUARTER  1994. 

The  problem  of  final  examinations  scheduling  varies  in 
site  from  quarter  tc  quarter,  but  not  significantly.  The 
problem  changes  because  the  number  of  students,  courses  given, 
professors  teaching  and  room  availability  can  change  from  one 
quarter  tc  the  next.  For  the  last  four  years  the  number  of 
students  has  remained  between  1800  and  2000.  The  number  of 
professors  has  not  changed  substantially,  either.  The  nuirber 
of  courses  has  a  more  irregular  variation  from  quarter  to 
quarter.  The  number  of  rooms  available  has  very  small 
variations  except  when  a  new  buildi.ng  is  added  to  the  set  of 
academic  buildings,  as  happened  in  the  Winter  Quarter  of  19?i. 
For  ail  these  reasons  a  specific  quarter,  the  Winter  19S4, 
has  beer,  selected  to  compare  the  manual  and  computer-assisted 
solutions.  .r.l5C,  for  policy  studies  conducted  in  chapter  VII, 
the  problem  of  the  1S94  Winter  Quarter  is  the  base.  The 
dimensions  of  this  problem  are  showT.  in  Section  II. C. 

A.  INPUT  DATA 

There  is  no  comprehensive  computer  support  for  the  current 
scheduling  process.  Data  on  the  course  requests  by  the 
students  is  in  a  School  database  but  is  held  only  long  enough 
CO  print  reports  for  the  schedulers  and  then  it  is  destroyed. 
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The  Master  Schedule  that  contains  the  course  and  final 
examination  schedule  is  held  briefly  in  electronic  form.  The 
assignment  of  faculty  to  courses  and  special  scheduling 
requests  is  available  only  in  hand  written  form.  Professor 
Gordon  Bradley  with  the  help  of  Senior  Frograirming  .iinalyst 
Lloyd  Nolan  has  developed  procedures  and  a  set  of  programs  to 
capture  the  data  that  is  available  in  the  mainframe  and  to 
enter  other  data  .manually.  This  data  was  used  to  produce 
input  files. 

B.  MODIFICATIONS  TO  THE  INITIAL  DATA 

In  order  to  facilitate  the  program  implementation,  all 
classroom  names  are  assumed  to  be  composed  of  5  characters, 
the  second  being  a  (-) .  Since  some  rooms  in  Che  data  have  six 
character  names,  such  as  H-lOl.^i,  whenever  a  room  ccr.tains  a 
trailing  alphabetic  character,  this  has  been  supressed  and  the 
room  has  been  assigned  a  5  character  designator.  To  do  this  a 
different  number  has  been  assigned.  For  example;  rooms  H-20iE 
and  H-201F  become  K-20C  and  K-201  respectively. 

C.  MANUAL  SOLUTION  EVALUATION 

1.  Constraint  Violations. 

The  manual  solution  has  been  observed  tc  violete  on 
two  cccassions  the  constraint  C9,  that  forbids  a  professor  to 
have  more  than  one  exam  during  the  same  period.  Two  small 
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courses  taught  by  the  same  professor  were  scheduled  for  the 
same  room  (presumable  at  the  professor's  request). 

2.  Time  to  Get  a  Solution. 

The  time  estimated  to  get  a  solution  by  the  manual 
method,  with  two  experienced  persons  working  on  it,  is 
estimated  to  be  close  to  five  days. 

3 .  MOEe . 

The  manual  solution  obtained  by  the  schedulers  has 
been  evaluated  by  the  program  with  the  following  results; 

»  MGE2  (number  of  seats  never  used)  =  177 

•  MGE3  (nxiiTiber  of  exams  unsolved)  =  0 

•  MCE 4  (room  adequacy)  =  3533 

•  M0E5  ie.xams  dispersion  in  time)  =  324  6 

•  MOE6  inumber  of  back-to-back  exams)  =  52 

4.  Final  Examination  Distribution  Across  the  Week. 

Table  6.1  presents  the  results  obtained  by  the  manual 
process.  Notice  the  final  examinatcn  accumulation  in  the  first 
and  third  period  of  each  day.  Also  notice  that  more  final 
examinations  are  scheduled  at  the  beginning  of  the  week  than 
at  the  end.  This  result,  probably  coming  from  a  greedy 
approach,  is  also  observed  in  the  computer-assisted  solution. 
The  observed  preference  of  the  schedulers  for  Che  first  and 
chirc  period  of  each  day  is  not  included  in  Che  DESIRABLE 
FS.ATUHES  listed  in  II.G. 
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TABLE  6.1  MANU.AL  SOLUTION: 


:>IU:<!3EP,  OF  FI.NAL  EX.^J-IIN-ATIONS ,  ROOMS  USED 
AMD  STUDENTS  EXAMINED  FOR  EACH  PERIOD 


D.  COMPUTER -ASSISTED  SOLUTION  EVALUATION 
1.  Time  to  Get  a  Solution. 

With  the  present  set  cf  coefficients  and  the  crcblen'. 
conditions  cf  the  Winter  quarter  15S4,  five  solutions  are 
obtained  containing  all  the  courses.  Any  additional  constraint 
or  initial  condition  could  cause  a  change  in  the  solution.  The 


curretic  time  to  run  the  program  for  five  sets  of  coefficients 


is  15  minutes  on  a  PC  486133). 

2 .  HOEs . 

The  computer-assisted  solution  has  been  evaluated 
i-.-ith  the  same  algorithm  as  the  manual  solution,  obtaining  the 
following  results: 

•  M0E2  (number  of  seats  never  used)  =  76 

•  M0E3  (number  of  exams  unsolved)  =  0 

•  M0E4  (room  adequacy)  =  3094 

•  MCE5  (exams  dispersion  in  time)  =  3193 

•  MCE6  (number  of  back-to-back  exams)  =  110 

Ail  MOEs  are  considered  acceptable  even  though  the 
number  of  caok-tc-back  exams  are  more  than  double  the  number 
obtained  in  the  manual  solution.  The  minimization  of  this 
figure  is  a  DESIP.ABLE  FE.ATURE  of  the  program  but  not  a 
COMSTR-AIMT.  There  are  no  violations  to  the  constraints  of  the 
crctlem. 

3.  Final  Examination  Distribution  Ac roes  the  week. 

Table  6.2  shows  the  distribution  of  the  number  of 
examinations,  roomis  and  students  across  the  16  periods  of  the 
week . 
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TABLE  6.2  COMPUTER- ASSISTED  SOLuTICK: 
MUKBER  OF  FINAL  EXAMINATIONS,  ROOMS  USED 
AND  STUDENTS  EXA!^INED  FOR  EACH  PERIOD 


E.  DIFFERENCES  BETWEEN  THE  HANUAl.  AND  COMPUTER -ASSISTED 
SOLUTIONS . 

There  are  several  notable  differences  betv;een  the  oianual 
and  the  cosiputer-assisced  solutions.  The  heuristics  applied  in 
the  coitputer-assisted  solution  are  those  used  in  the  n-ianual 
approach  except  for  the  very  important  fact  that  the  program 
never  reconsiders  a  previous  assignment  of  exam  to  a  period 
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VII.  POLICY  STUDIES  USING  THE  COMPUTER-ASSISTED  METHOD, 


A.  TWO  POLICY  STUDIES 

Chapter  I  Sectiori  C  suggests  several  policy  studies  that 
are  possible  to  dc  by  means  of  the  computer-assisted  program. 

rn  the  present  section  twc  policy  studies  are  explored. 
The  issues  for  detailed  study  have  been  arbitr-arily  chosen  by 
the  author,  Thirtee.n  additional  policy  studies  are  described 
in  C.hacter  vril. 

Seme  of  the  policy  studies  require  modifying  part  of  the 
program,  others  don't.  An  improved  I’ersion  of  the  present 
prograiTi  could  give  the  user  the  possibility  cf  testing 
different  policies  without  entering  in  the  cade. 

B.  RESULTS  WITH  REDUCTION  IN  THE  NUMBER  OP  ROOMS 

This  study  is  made  with  twc  different  additional 
constraints.  In  the  first  case  a  whole  floor  cf  Root  Hail  is 
supressed.  Root  Kail  is  not  considered  as  critical  as  ether 
buildings  because  no  curiculum  with  a  large  number  of  students 
resides  in  it.  This  case  will  decrease  by  nine  the  number  cf 
classrooms  available,  with  room  sizes  between  20  and  45 
tables.  A  second  test  is  made  cancelling  all  rooms  in  the 
first  floor  cf  Glasgow  Kail,  which  is  considered  to  be  a 
critical  building  with  11  classrooms,  with  room  sizes  between 
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20  and  160  (one  with  size  20,  seven  with  sizes  between  30  and 
40,  two  be-  -een  40  and  50,  and  one  with  size  180). 

1.  No  Rooms  Available  in  Root  Hall. 

Five  solutions  were  obtained  without  modifying  the 
coefficients  used  for  the  regular  problem.  The  MOSs  obtained 
and  shown  in  Table  7.1  shew  little  deterioration  from  the 
solution  shown  in  Table  6.2.  All  other  conditions  are  the  same 
as  those  in  the  manual  solution. 

2.  M(3Es  with  no  RoomB  in  Root  Hall. 

•  MCE2  (number  of  seats  never  used)  =  16 

•  MOE3  (number  of  exams  nen  solved)  =  0 

•  (■13E4  (room  adequacy)  =  3118 

•  MOE5  (exams  dispersion  in  time;  =  3165 

•  MC’E6  (number  of  bac)<-to-back  exams)  =  117 
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3.  Distribution  of  Bxams,  Students  and  Rooms  for  Every 


Period. 

TABLE  7.L  COMPUTER-ASSISTED  SOLUTION: 
^^UMBER  OF  FINAL  EXAMINATIONS,  ROOMS  USED 
AIID  STUDENTS  EXAMINED  FOR  EACH  PERIOD 


The  program  was  again  run  using  the  coefficients 
reported  for  the  regular  problem.  The  program  obtains 
solutions  without  violating  any  constraint  for  ail  five  sets 
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of  coefficients.  The  solution  considered  to  have  the  best  MOEs 
has  the  following  values: 

•  MOE2  (number  of  seats  never  used)  =  16 

•  M0E3  (nuirber  of  exams  non  solved)  =  0 

•  M0E4  Iroom  adequacy)  =  3047 

•  MOES  (exams  dispersion  in  time)  =  3167 

•  MOE6  (nuirber  of  back-tQ'bac)c  exams)  =  106 
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5.  Distribution  of  Exams,  Students  and  Rooms  for  Every 
Period. 

T.a.BLE  7,2  COMPUTER- ASSISTED  SOLUTION: 
rJUMBER  OF  FINAL  EXA.MINATI0N3 ,  ROOMS  USED 
AND  STUDENTS  EXAMINED  FOR  EACH  PERIOD 
WITHOUT  QL.ASGOW  HALL  1ST  FLOOR 


C.  RESULTS  OBTAINED  CONVERTING  DESIRABLE  FEATURE  DX  INTO  A 
RIGID  CONSTRAINT 

It  is  interesting  to  test  the  effects  that  forbiding  back- 
to-back  exaiTiS  has  on  the  solution.  The  reason  for  this 
interest  lies  not  only  in  co.nsidering  the  occurrence  of  back- 
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to-back  exacts  a  very  important  inconvenience.  If  imposing  this 
rigid  constraint  causes  a  certain  number  of  examinations  not 
to  be  scheduled,  it  could  be  suspected  tha-  'Cudent  conflicts 
are  the  most  critical  factor  in  the  current  problem. 
.Acceptable  solutions  were  obtai  -id  despite  the  .=?upression  of 
12  classrooms  considered  critical  because  their  size  and 
location.  This  showed  that  classroom  availability  in  tha 
present  situation  is  far  from  being  critical.  If  the  test  now 
conducted  is  not  able  to  construct  solutions  as  good  as  those 
obtained  in  Section  B  of  this  Chapter  we  could  conclude  that 
student  conflicts  are  more  critical  than  classrocm 
availability . 

Running  the  program  with  the  same  complexity  coefficients 
mentioned  in  Chapter  V,  none  of  the  five  sets  of  coefficients 
was  able  to  get  a  solution  containing  all  the  courses.  The 
best  solution  was  unable  to  schedule  six  courses. 

1.  MOEa  with  no  Back-to-back  Exams  Permitted. 

The  MOEs  obtained  differ  from  those  in  the  regular 
problem  in  an  improvement  in  the  number  of  seats  never  used, 
a  detercration  in  rooms  assignment  adequacy,  an  improvement  in 
time  distribution  alo.ng  the  week  and  of  course  a  total 
improvement  in  number  of  back-to-back  exams  since  this  is  the 
new  contraint  imposed.  The  time  of  e.xecution  is  not 
significant  and  is  of  the  same  order  as  all  previous 
executions.  The  results  are; 
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•  M0E2  'number  of  seats  never  used)  =  146 

•  K0E3  (number  of  exams  non  solved)  =  6 

•  M0E4  (room  adequacy)  =  2987 

•  K0E5  (exams  dispersion  in  time)  =  3228 

•  M0E6  (number  of  baclt-tc-back  exams)  =  3 

Since  6  exams  have  not  been  scheduled,  the  program  can  be 
executed  again  with  exception  El  in  force,  allowing  exams  to 
be  scheduled  on  Friday. 

2.  Distribution  of  Exams r  Students  and  Rooms  for  Every 
Period. 

Table  '^.2  shows  the  distribution  of  final  examinations 
obtained  when  no  bacx-to-bac.<  examinations  are  permitted. 
There  are  three  perccds  with  nc  e.xa.minanicns  assigned  and  as 
a  consequence  the  other  periods  contain  a  greater  number  of 
examinations  than  in  previcus  schedules. 
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TABLE  7.3  COMPUTER- ASSISTED  SOLUTION: 
NUMBER  OF  FINAL  EXAMINATIONS,  .ROOMS  USED 
AND  STUDENTS  EXAMINED  FOR  EACH  PERIOD 
WITH  NO  3.ACK-TC-BACK  EX.AMS  PERl-IITTDD 


VIII. 


CONCLUSIONS 


A.  ACHIEVEMENT  OF  THE  GOALS 
1 .  Shorten  Time . 

The  time  required  by  the  program  to  produce  a  solution 
is  variable  depending  on  the  input  data  and  the  set  of 
coeficients  used.  For  the  1994  Winter  Quarter,  the  time  needed 
by  a  486  D,X!33)  personal  computer  has  been  approximately  15 
minutes.  However,  this  does  not  provide  a  good  indication  of 
the  time  required  to  find  an  acceptable  solution,  with 
different  data  and  constraints  it  could  be  necessary'  to  carr\' 
out  a  process  of  coefficient  adjustment  to  evaluate  course 
scheduling  ccir.pl e.xity  and  also  adjust  the  weight  given  to 
every'  factor  influencing  the  period  ranxing  process.  Both 
processes  are  not  so  complex  as  one  would  first  think.  The 
coefficients  that  have  the  most  influence  in  complexity 
evaluation  are  those  containing  the  number  of  remaining 
conflicts.  When  adjusting  period  ranking  weights  it  is 
recommended  to  start  modifying  only  that  of  the  number  of 
back-to-back  exams  in  the  period.  In  ail,  if  the  process  is 
conducted  with  small  variations  (about  1C  %■  of  the  current 
values,  and  one  by  one,  a  process  estimated  to  take  3  hours 
can  produced  an  acceptable  solution. 
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2.  Improve  Quality. 

The  quality  of  the  solutions  obtained  with  the 
computer  application  are  not  as  good  as  the  solution  obtained 
by  the  iTianual  solution,  except  in  time  to  get  a  solution. 
Therefore,  it  is  thought  that  a  good  use  of  the  program  could 
be  to  generate  a  solution  from  which  to  start  a  manual  process 
of  improvement,  leading  to  the  levels  of  quality  achieved  by 
the  manual  solution,  but  possibly  in  a  much  shorter  time. 

3 .  Policy  Studies . 

Two  studies  have  been  conducted,  the  first  tested  two 
important,  but  not  simultaneous,  reductions  in  the  number  of 
rooms  available  for  final  examinations .  In  both  reduction 
cases,  the  program  was  able  to  find  several  solutions  in  a 
very  short  time.  The  quality  of  the  solutions  was  similar  to 
that  of  the  Winter  Quarter  problem  solved  in  Chapter  VI, 
without  any  important  deterioration  in  the  MOEs .  The  time  of 
e.xecution  was  similar,  and  therefore  it  is  concluded  that  the 
programs  gives  a  good  tool  to  test  different  classrooms 
availability  hypotheses.  The  second  policy  study  tries  to 
find  an  schedu:.e  without  back-to-back  exams.  The  best  scluticn 
containing  no  back-to-back  exams  is  unable  to  schedule  six 
exams . 
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B.  POSSIBLE  IMPROVEMENTS  TO  THE  HEORISTIC 

There  are  some  possibilities  tc  improve  the  heuristic  that 
have  not  been  tasted.  The  schedulers,  in  their  heuristic 
manual  method,  preschedule  some  examinations  kncv,'n  from  past 
experience  to  be  the  cause  of  a  great  deal  of  difficulty.  If 
these  examinations  are  manually  prescheduled  in  the  computer- 
assisted  procedure,  a  better  solution  may  be  obtained.  Other 
possible  improvements  consist  in  determining  those 
examinations  containing  students  with  4  or  more  examinations 
and  giving  them  the  highest  priority  to  be  scheduled,  .^iisc,  a 
mere  detained  search  for  adequate  coefficients,  both  to 
evaluate  scheduling  complexity  and  tc  rank  periods,  could 
yield  improved  results. 

.-.nether  ’.vay  of  improving  the  solution  obtained  is  tc  apply 
a  process  of  local  search.  By  this  process  every  possible 
interchange  cf  two  exams  is  studied,  and  if  som.e  benefit  is 
obtained,  the  change  is  performed.  This  process  can  then  be 
repeated  until  no  improving- interchange  can  be  found. 

Heuristic  methods  such  as  simulated  an.nealing  and  tabu 
search  cculd  also  be  used  to  improve  the  solution  [Ref. 15]  and 
(Ref .16]  . 

C.  FDTDHE  POLICY  STODIES 

The  computer-assisted  method  developed  in  this  thesis 
should  permit  ccnsideraticn  of  som.e  policy  issues  that  require 
the  construction  of  schedules  under  different  ass'iir.ption3 . 
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These  studies  are  not  possible  by  manual  methods  given  the 
length  of  time  required  to  get  a  solution. 

1.  Graduating  Students 

Currently  the  information  available  to  the  schedulers 
does  not  contain  an  exact  indication  of  which  courses  contain 
students  who  graduate  in  that  final  examination  week.  The 
knowledge  of  this  data  is  important  given  constraint  C13  which 
forbids  graduating  students  to  make  final  exams  on  Thursday 
morning.  The  schedulers  currently  have  tc  guess  which  courses 
have  graduating  students.  They  typically  designate  any  student 
taking  a  thesis  slot  and  only  3000  or  4000  level  courses  as 
graduating.  This  guess  imposes  an  unnecesary  restriction  since 
many  students  in  addition  to  those  graduating  can  satisfy  it. 
In  the  present  research  a  study  has  been  made  to  determine 
which  courses  contain  graduating  students.  It  is  of  interest 
how  that  increased  accuracy  in  the  input  data  affects  the 
output . 

2.  Courses  not  Holding  a  Final  Examination 

Currently  not  all  courses  which  have  a  final 
examination  scheduled  really  hold  it  at  the  end  of  the  course. 
Sometimes  the  professor  replaces  the  final  examination 
requirement  by  some  other  equivalent  requisite,  for  example  a 
paper,  presentation,  etc. 
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;hes( 


icurses  were  knowr^  exactly  and 


sdciers  to  remove  them  from  the  list  of  courses 
3  final  examination,  the  problem  would  be  simplified. 
Impact  of  Final  Examinations  for  all  Courses 
Ir.  the  winter  quarter  of  1S54.  66.5%  of  the  courses 
final  examinations.  It  is  interesting  to  know  if  it 
ble  'with  the  current  constraints  to  construct  a  final 
ion  schedule  containing  all  the  courses  in  the 
or  if  It  is  neccesary  to  modify  these  requirements 
hat  way . 

Impact  of  Refresher  Courses 

The  refresher  courses  are  held  up  to  and  including  the 
itninaticn  'week.  It  is  possible  for  a  professor  to  .■'lave 
res.ner  course  lectures  and  final  examinat icn  during 
examination  week.  A  student  may  also  have  a 
r  class  and  one  or  more  final  examinations.  The  impact 
:)n  the  solution  is  of  interest;  it  could  influence  the 
r  courses  schedule.  Classrooms  used  by  refresher 
put  an  additional  constraint  cn  room  availability  that 
studying. 

Impact  of  Delaying  Final  Examination  Scheduling 

At  the  time  the  final  examination  is  produced,  in  the 
manual  solution  situation,  the  courses  that  every 
is  going  to  take  during  the  next  quarter  is  net 
Iv  determined.  Students  have  the  ooDortunitv  to  modifv 


their  program  during  the  first  two  weeks  of  the  quarter.  The 
proportion  of  stu'.snts  that  made  some  kind  of  modification  to 
tneir  programs  d'.  .  -ng  the  first  two  weeks  ci  the  1394  winter 
quarter  was  approximately  30%.  The  possible  conflicts  that 
arise  in  the  final  examination  schedule  because  of  these 
modifications  are  dealt  directly  by  professor  and  smudents. 
If  the  final  examination  scheduling  could  be  postponed  until 
after  the  second  week  of  a  quarter,  better  inf oririaticn  on 
students  course  enrollment  would  be  available  and  these  late 
modifications  could  be  taken  into  account. 

6.  Identify  Quality  HeasureB 

The  computer-assisted  scheduling  provides  a  means  to 
study  the  sensitivity  of  different  measures  of  effectiveness 
to  different  input.  Some  MOSs  of  interest  are  difficult  to 
obtain  from  the  manual  solution.  It  is  easier  to  construct 
statistical  measures  with  a  computer  program  than  request  it 
from  the  schedulers . 

7.  Impact  of  Using  Three  Non- consecutive  Periods  a  Day 

Currently  four  exam  periods  a  day  are  being  used  by 
the  schedulers  and  these  are  also  the  periods  used  by  the 
program  developed  in  this  thesis.  This  is  not  a  rigid 
constraint  but  a  convention  adopted  by  the  schedulers.  The  two 
hour  periods  currently  used  begin  at  08C0,  1000,  1300  and 
1500,  Since  both  professors  and  rooms  require  at  least  an. 
empty  period  of  one  hour  between  exams,  this  means  that  both 
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such  as  study  rooms,  laboratories  or  conference  rooms,  to  the 
list  of  rooms  available  for  final  examinations. 

10.  Impact  of  Mon'-ainultaneity  for  all  Segments  of  a 
Course . 

One  of  the  constraints  implemented  currently  is  that 
which  requires  all  segments  of  a  course  to  have  their  final 
examination  scheduled  at  the  same  time.  What  would  be  the 
impact  of  a  relaxation  of  this  constraint  on  the  solution? 
Modifying  this  constraint  in  the  program  is  easy  to  do. 

11.  Impact  of  Students  with  More  Than  Four  Examinations 
The  schedulers  believe  [Ref.7i,  that  the  few  students 

who  have  five  or  more  final  examinations,  cause  a  large 
increase  in  the  difficulty  of  Che  scheduling  problem.  It  is  of 
interest  to  evaluate  this  impact  by  constructing  a  solution 
t.tat  limits  the  maxirni'am  number  of  examinaticns  allowed. 

12.  Effect  of  Different  Periods  each  Day 

Since  the  difficulty  to  get  a  solution  sometimes  comes 
from  a  room  limitation,  sometimes  by  students  conflicts  and 
scmetim.es  by  the  no  back-to-back  constraint  concerning 
professors  and  classroom  use,  it  could  be  of  interest  to  test 
the  impact  of  keeping  some  days  with  four  periods,  two  in  the 
morning  and  two  in  the  afternoon,  and  one  or  two  days  v/ith  a 
three  non-consecutive  periods  schedule.  This  schedule  would 
decrease  the  total  number  cf  periods  available,  but  would 
increase  the  permitted  room  use  from  two  in  a  day  to  three  in 
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a  day.  The  saT>e  is  applicable  to  the  riumber  of  final 
examinations  a  profesor  could  be  asigned  in  a  day, 

13.  Impact  of  Changes  in  the  Number  of  Students. 

.4,  simplistic  approximation  to  future  increases  in  the 
.number  of  students  can  be  done  by  increasing  in  the  same 
proportion  the  number  of  students  in  every  oourse  and  assigned 
to  every  professor.  For  a  better  study  it  would  be,  probably, 
necessar-y  to  increase  the  number  of  professors  teaching  some 
courses . 
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APPENDIX  A:  GLOSSARY  OF  TERMS 


3ack-tQ-back  axarr.s  -  Two  exams  held  in  ccnsecutive  periods. 
Best  period  -  The  period  available  tc  schedule  an  exam  in 
which  the  partial  KOE  is  optimized.  This  dees  not  necessarily 
give  the  best  MOEs  for  the  total  scheduling  solution. 
Classreem  exam  capacity  -  The  real  capacity  of  a  room  divided 
by  i.5. 

Classroom  period  -  .k  two  hour  period  in  which  a  classroom  can 
be  scheduled  for  an  exam. 

Conflicting  courses  -  'Two  courses  conflict  if  they  contain  at 
least  a  cominon  student  or  are  taught  by  the  same  professor. 
Ccurse  -  A  discipline  taught  by  one  or  more  professors,  in  one 
or  mere  rooms,  and  requiring  a  final  examination. 

Course -scheduler  -  The  personis),  assigned  to  the  Registrar's 
Office,  in  charge  of  constructing  the  final  exams  schedule. 
Course  Segment  -  When  the  n-umber  of  students  taking  a  course 
make  it  necessary  to  divide  them  in  smaller  groups  with 
different  professors  and  different  times  or  rooms,  or  the  same 
professor  and  different  times,  each  group  of  students 
assigned  to  a  professor  in  a  period  constitutes  a  “Ccurse 
Segment ” . 

Examination  -  The  time  period,  professors  and  classrooms  chat 


define  when,  where  and  by  whom  an  exam  is  going  to  be  taken. 


period 


tin;e  all  profes; 


;eaching  this  cour 


be  free  of  other  comir.itments .  Classrooms  should 
l8  for  ever^'  Professor-Exam.  All  scudencs  taking  th 
Duid  be  free  of  other  obligations. 

tion  comclexitv  numhier  -  Figure  indicat  img  t 
Ity  of  scheduling  an  exam  in  relation  with  others. 
tion  Period  -  A  period  of  two  hours  assigned  to  take 
a  course.  It  needs  to  be  between  0600  and  1700  of  t 
■Monday  through  Thursday)  assigned  for  Fir 
tions . 

xaits  week  -  The  four  days  {Monday  through  Thursday) 
Ifth  week  of  a  quarter  in  which  Final  Exams  are  hei 
The  set  cf  classroom  in  the  same  floor  of  an  acader 
g.  Two  or  more  classroom  in  the  same  floor  a 
red  to  be  close  to  each  ether  and  are  valid  f 
or  -  exam  assignmer.t . 

tor.f  lict  -  The  situation  produced  when  trying 
e  an  exam  in  a  determined  period  and  another  exam  t 
Gvicusly  assigned  to  the  same  period  for  some  of  t 
group  participating  in  the  exam. 
tor  Schedule  Card  -  A  5"  x  ,5"  card  on  'which  t 
e  of  classes  cf  a  faculty  member  for  the  next  quart 
Lten.  There  is  one  for  every'  faculty  memiber  wi 
s  assigned  during  next  quarter. 

Classroom  -  The  classroom  in  'which  a  Course  Segme 
he  lectures  during  the  quarter. 


student  Schedule  Cards  and  therefore  cnly  one  Card  is  made 
containing  the  names  of  ail  students  concerned.  A  copy  is  made 
for  each  student  concerned. 

Unscheduled  exam  -  An  examination  which  has  not  been  possible 
to  schedule. 
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APPENDIX  B:  ACADEMIC  DEPARTMENT  DESIGNATORS 


Administrative  Sciences 
Service  Courses 

Telecoiraiunicaticns  Systems  Management 

Information  Systems 

Management 

Aeronautics  and  Astronautics 
Antisubmarine  Warfare 
Command,  Control  and  Coirmunications 
Computer  Science 

Slectrical  and  Computer  Engineering 

Eiectrcnic  Warfare 

Interdisciplinary  Courses 

Mathematics 

Mechanical  Engineering 

Materials  Science 

Keteorclog-y 

Kational  Security  Affairs 
Oceanography 

Oceanographic  Sciences 
Hydrographic  Sciences 
Operations  Research 

Operations  Analysis 


AS 


CM 

IS 

N3-4 


ST 


CS 


EW 


f'LA 


MR 

NS 


OC 


OA 
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APPENDIX  C:  FLOOR  PREFERENCES  BY  DEPARTMENT 


Sequence  of  floor  preferences  for  each  departiTienr  in 
decreasing  order  of  preference.  The  preferences  are  indicated 
by  two  characters  the  first  one  indicates  the  building  and  the 
second  one  indicates  the  floor  in  that  building.  The  building 
indicator’s  are; 

H  =  Halligan  Hall, 

B  =  Sul lard  Kail, 

?.  =  Root  Hall, 

I  =  Ingersoll  Hall, 

S  =  Spanagei  Hall, 

G  =  Glasgow  Hall, 

The  preferences  ai’e; 

DEPARTMENT 

DESIGNATOR  PREFERENCES 

AA  K1,K2,  El,  32,  R2,  P.1,  II,  12,  13 

SI,  GO,  Gl,  G3. 

kS  II.  12,  13,  R2,  Rl,  G3,  Gl,  G3,  S2 

HI,  K2,  Bl,  B2. 

CM  S3,  =2,  S4,  SI,  R2,  Rl ,  Bl ,  B2 ,  HI 

II, Gl,  GB,  G3 . 

IS  II,  12,  13,  S4,  S3,  S2,  SI,  GS,  Gl 

HI ,  H2 ,  Bl ,  B2 . 


,  S2,  S3,  S4, 

,  S3,  S4,  SI, 

,  H2,  12,  13, 

,  G3,  R2,  Rl, 
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oc 


S2,  S3,  S4,  SI, 

Gl,  G3,  Bl,  B2 . 
R2,  Rl,  12,  13, 
Kl,  H2,  21,  22. 
GB,  Gl,  G3,  12, 
HI,  K2,  El,  B2. 
GB,  Gl,  G3,  12, 
HI,  H2,  31,  B2 . 
£1,  S2,  S3,  S4, 

11,  GE,  Gl,  G3. 

SI,  £2,  S3,  £4, 

G3,  13,  12,  II. 
Ri,  R2,  Kl,  H2, 

12,  13,  II. 

£2,  S3,  S4,  SI, 

13,  12,  II. 


R2,  Rl,  13,  12, 

GE,  Gl,  G3,  II, 

13,  R2,  Rl,  II, 

13,  R2,  Rl,  II, 

Rl,  R2,  Bl,  B2, 

Rl ,  R2  ,  HI ,  H2  , 

Bl,  B2,  31,  S3, 

R2,  Kl,  H2,  31, 


II,  Kl,  H2,  GB, 

S2,  S3,  S4,  SI, 

S2,  S3,  S4,  SI, 

S2,  S3,  £4,  SI, 

HI,  H2,  13,  12, 

Bl,  B2,  GE,  Gl, 

.34,  GB,  Gl,  G3, 

B2,  GB,  Gl,  03, 
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APPENDIX  F:  partial  SOLOTION  OOTPtJT 


SCHEDULE  FOP.  THE  SET  OF  COEFFICIENTS  #  1 

COURSE  =  N'S3252  ;  FACULTY  =  MS/HL;  PERIOD  =  mondav  OoOC-lOOC 
ROOK  i  =  G203;  ROOM  2  =  G306;  ROOM  3  =  G386 

COURSE  =  NS32  52  ;  FACULTY  =  NS.'TT;  PERIOD  =  monday  0800-1000 
ROOM  1  =  1260;  ROOM  2  =  1263 


COURSE  =  NS3  2  52  ;  FACULTY  =  NS /JO;  PERIOD  =  mor.dav  C&OC-iOOl 
ROOM  1  =  G337;  ROOM  2  =  G388;  ROOM  3  =  G389 


-(ALL  OTHER  COURSES,  FACULTY,  PERIOD  AND  ROOM  ASSCGIK'iEHTS 


MEASURES  OF  EFFECTIVENESS 

KUI-IBER  OF  SEATS  NEVER  USED  =  "7  6 
rafl-lEER  OF  NON  SOLVED  EXAMS  =  0 
MEASURE  OF  ROOM  ADEQUACY  =  3C94 
EXAMS  DISPERSION  IN  TIME  =  3193 

r-JUPlBEH  OF  BACK  TO  BACK  EXAMS  =  IIC 
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